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The exterior durability of urethane coatings has been found to be inferior to
the acrylic coatings used in the automotive industry today. There have been
concerted efforts to improve the weatherability of urethane coatings. However, at
present, the degradation mechanism is virtually unknown.
This work deals primarily with the determination of the effects of
formulation variables and additives on film durability of urethane coatings exposed
to accelerated weathering conditions. A mechanism for the sequence of reactions
through which degradation of urethanes may occur has been proposed.
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INTRODUCTION
During the past five years, interest in two-component urethane coatings by
the automotive industry has increased significantly. As a result of pollution control
legislation, attitudes toward improving worker safety, and the efforts to reduce
mass energy consumption, there have been many changes in coatings technology
and investigation of theoretical and practical coatings chemistry has been
stimulated. Coatings suppliers realize that while many technical changes are
taking place, high performance requirements must be maintained. Urethane
coatings are uniquely capable of being formulated to meet specific end-use re¬
quirements.^ They exhibit excellent physical properties which include a high
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degree of chemical, solvent, and weather resistance. Polyurethanes may be
prepared by reacting an isocyanate-functional group (-NCO) with a hydroxyl-
3functional group (-OH) to yield the substituted urethane:
H O
I "R-N=C=0 + R'-O-H > R-N-C-O-R'
It is this reaction of NCO/OH which specifies the particular chemical nature of
2
urethanes. By chemically combining relatively low molecular weight materials at
low temperatures to form polymeric films of high integrity, urethane coatings are
considered unique in:
1. The ability to be applied at high solids levels (60-80%) thereby reducing
solvent emissions during curing processes, and,




Several approaches to new coatings technology include water-based, radiation
cured, and powder coatings. Water-based coatings are energy intensive and
sensitive to application conditions.^ Radiation-cured coatings provide a rapid cure
process at low cost, but application is limited in film thickness, pigmentation, and
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part configuration. Powder-coatings are still in the developmental stages, but
problems do exist with energy requirements, application conditions, and aesthetics
of specific coating types (metallics). The availability of satisfactory commercial
equipment to meter, mix, and apply high solids two-component urethane coatings
remains a major obstacle which prevents more widespread use of these systems.^
While each new technology coating systems suffers certain drawbacks, some more
than others, high solids and water-based coatings lead the list of potential coatings
capable of solving new technology problems.^
Despite the high performance characteristics of two-component high solids
urethane coatings, toxicity and weatherability questions have placed limitations on
their use. This work deals primarily with the fundamentals of weathering of
urethane coatings. Weathering stresses such as ultraviolet (UV) radiation from
sunlight, high temperatures, and oxygen dissolved in rain and dew have been found
to cause adverse effects on urethane film durability. The effects of these
weathering stresses are rapid degradation of the polymer film.
It has been found that prolonged exposure to sunlight promotes polymer
degradation. A very large portion of sunlight (approximately 95%) is filtered out by
the earth's atmosphere and never reaches the earth's surface.^ It is the other 5%
of incident light which contains that portion of radiation (290-315 nanometers)
most destructive to the polymer substrate.Exposure to normal weathering
conditions produces a set of complex chemical reactions due to the absorption of
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ultraviolet light and the attack of the polymer by oxygen and other materials. The
photo-induced reactions result in internal bond cleavage, production of free
radicals, and molecular rearrangement. This is evidenced in the exterior
appearance of coatings by their inability to retain high gloss and good color.
A concerted effort by coatings suppliers to improve weatherability of
urethane coatings has been initiated. The incorporation of UV additives as a
method of polymer stabilization has attracted much attention. These additives
retard photodegradation by acting as light screeners and absorbers, radical
scavengers, and organic peroxide decomposers.^ The experimental data confirms
that certain UV additives inhibit degradation, and thereby increase the exterior
durability of the film by several orders of magnitude.
Accelerated weathering tests have been widely utilized to evaluate weather¬
ing properties as well as to decrease the time required to produce such results. A
QUV cyclic ultraviolet weathering tester (marketed by Q-BOND Corp.) designed to
produce natural weathering stresses was used to obtain weathering data for the
urethane coatings tested in our labs. The severity of weathering exposure may be
programmed by varying the time and temperature of ultraviolet radiation produced
by eight fluorescent lamps. These lamps give radiation in the range of 280-350nm
(peak at 315 nm). The time and temperature of condensation exposure may also be
varied. In the past, there were mixed opinions as to the reliability of accelerated
weathering results. Recently, however, the QUV Accelerated Weathering Tester
has gained approval by end-users as an acceptable tool for approximating natural
weathering stresses.
In spite of the effort to improve exterior durability of urethane coatings, the
degradation mechanism remains a "mystery". It is this "mystery" which prompted
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the decision to do some basic work which would give insight into the actual
mechanism. The starting approach to fulfill this goal was to determine the
influences of formulation variables upon urethane degradation and to propose a
degradation mechanism based on these findings.
EXPERIMENTAL
The standard two-component urethane coating system used was based on two
reactive components which were mixed together just before application. Com¬
ponent I consisted of polyol, solvent, flow agent, catalyst and aluminum pigment.
Component II consisted of only the isocyanate cross-linker. Table 1 outlines a
typical formulation used.
Table 1. Urethane Coating Formulation
Ingredients Weight in Grams Equivalence Suppliers
Component I
G-Cure 867-RX-60






Baysilone OL** 2.2 Mobay
Zinc Octoate 4.3 Harshaw Chem.
3166 AR 6.4 Silberline
Component 11
Desmodur L-2291 50.0 0.26 Mobay
*Ethylglycol Acetate/Butyl Acetate/Methyl Ethyl Ketone/Toluene
**10% in Cellosolve Acetate
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This formulation has an NCO/OH value of 1.1/1.0 and a solids level of 43%.
Prior to the use of two-component polyisocyanate/polyol coatings, component I is
mixed thoroughly for about 15-20min allowing complete pigment dispersion
throughout the medium. A chemical reaction takes place during the mixing re¬
sulting in a gradual increase in viscosity that finally leads to gelation of the
coating. The mixed coating is applied immediately since it is only useful for 25-30
min.
Panel Preparation and Testing
Panels of each composition were sprayed in triplicate on 1000 bonderite
panels and allowed to cure for 30 min at 200°F. The average dry film thickness
was approximately 1.5 mils. Panels were prepared using the standard coating
formulation shown in Table 1 varying the different component variables as follows:
Test A the Sparkle Silver 3166 AR aluminum pigment concentration
from 0.0 to 4.0% based on total resin solids,
Test B the size of the aluminum pigment particles using standard-,
coarse-, and super-fine Sparkle Silver aluminum pigment each
separately in three different coatings.
Test C Acryloid ZR-113M (high molecular weight polyol) and QR-568
(low molecular weight polyol) are each cross-linked with Desmodur
L-2291 (polyisocyanate) and mixed with the appropriate com¬
ponents by weight.
Test D addition of 0.5M hydrochloric acid and 0.5M ammonium hydroxide
each to separate coating systems at 0.2% based on total resin
solids.
Test E addition of UV absorbers and antioxidants—Tinuvin 328, Tinuvin
770 and Irganox 1010—in various combinations and concentrations
recommended by the manufacturer (Ciba-Geigy).
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The test panels were exposed to UV radiation and condensation for 100 hr
intervals by means of a cyclic ultraviolet weathering tester (from Q-Bond Corp.)
which utilizes fluorescent lamps. At the 100 hr intervals, 20° gloss measurements
were recorded for all panels with a glossmeter (Gardner Labs).
DISCUSSION AND RESULTS
Correlation of Florida Weathering to Accelerated Weathering
Several coated panels obtained from a series code-named MOB 57 which had
been exposed to Florida weathering were mounted in the test chamber of the QUV
weatherometer and subjected to a UV/condensation temperature cycle of 60°/50°.
The MOB 57 series consists of several coatings that were formulated prior to this
test and sent to Florida for exterior exposure (see Table 2). The objective of this
test was to make a rank correlation between accelerated and natural Florida
weathering. Specular gloss measurements at a constant geometry of 20° taken
with a portable glossmeter show that no correlation across generic systems existed
(see Table 2). There was, however, a significant relationship observed for coatings
within a given generic type (Tables 3 and 4).
Because the thermostated acrylic coatings currently used for exterior
automotive use performed much more poorly in the weatherometer than antici¬
pated according to Florida weathering data, it was decided that the weatherometer
exposure conditions should be changed. It is known that the acrylics are susceptible
to attack under condensation conditions. Therefore, the cycle was reprogrammed
to transmit only UV exposure as a means of measuring the magnitude of the
condensation effect on acrylics. The new QUV cycle consisted of ultraviolet
radiation at a temperature of 60°.
The effect of exposure to condensation is seen in Table 5. The degradation of
metallic coatings was more pronounced after 200 hr QUV exposure than that of the
pastel systems when percent gloss retention was used to measure degradation. It
would, therefore, be of value to limit consideration to the metallic systems (panels
8
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Table 2. Correlation of Accelerated Weathering to Florida Weathering
Florida Weathering^ Metallic Coatings^
(60° Gloss Readings) 14 26 19
Initial 88 90 89 91
4 months 39 60 57 76
8 months 26 46 40 63







Initial 61 78 56 75
64 hours 48 70 52 72
108 hours 25 57 44 62






Initial 90 90 90 87
6 months 60 70 71 72
12 months 52 64 52 69






_4 _5 _6 _9
Initial 84 82 80 74
64 hours 80 82 80 44
108 hours 49 79 74 68
224 hours 38 73 65 581-Florida Weathering Exposure Cycle - 5° South, Black Box2-QUV Accelerated Weathering Exposure Cycle - 16 hr UV (9 60°C
8 hr Cond @ 50°C3-MOB 57 Series
Coatings Polyol Isocyanate
4 + 14 Multron R 221/2 ethyl-1,3-hexanediol Desmodur L 2291
5 + 15 Acryloid QR 568 (Rohm & Haas) Desmodur L 2291
6+16 Desmophen 651 A Desmodur L 2291
9+19 Thermoset Acrylic Control
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1 month 45 78
2 months 33 44
3 months 16 34










64 hours 48 62
108 hours 25 54
225 hours 10 45
% Gloss Retention 16 681-Florida Weathering Exposure Cycle - 5° South, Black Box2-QUV Accelerated Weathering Exposure Cycle - 16 hr UV (d 60°C
8 hr Cond @ 50°C3-MOB 57 Series
Panel Polyol Isocyanate
14 Multron R 221/2 ethyl-1,3-hexanediol Desmodur L 2291
16 Desmophen 651 A Desmodur L 2291
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Table 4» Accelerated Weathering Compared to Florida Weathering (Acrylic-
Urethane Coatings)
Florida Weathering^ Acrylic-Urethane Coatings
(20° Gloss Reading) Panel 15 Panel 31
Initial 74 60
4 months 29 37
8 months 17 26
12 months 13 27





Panel 15 Panel 31
Initial 78 59
64 hours 70 52
108 hours 57 45
225 hours 23 26
% Gloss Retention 29 441-Florida Weathering Exposure Cycle - 5° South, Black Box2-QUV Accelerated Weathering Exposure Cycle - 16 hr UV @ 60°C
8 hr Cond @ 50°C
3-MOB 57 Series
Panel Polyol Isocyanate
15 Acryloid QU 568* Desmodur L 2291
31 Acryloid AR113M* Desmodur L 2291
*Rohm & Haas Product
12
Table 5. The Effect of Condensation on Gloss Retention
Accelerated Weathering^ ^ ^
(U\^ Only) Pastel Coatings Metallic Coatings
(20 Gloss Readings) 4 5 6 9 14 15 16 19
Initial 84 84 82 74 61 78 56 78
100 hours 75 72 72 72 58 64 50 74
200 hours 64 75 75 66 31 65 40 67
2
Accelerated Weathering Pastel Coatings^ 3Metallic Coatings
(20° Gloss Readings) 4 5 6 9 14 15 16 19
Initial 84 82 80 74 61 78 56 75
100 hours 49 79 74 68 25 57 44 62
200 hours 12 73 65 58 10 23 40 261-Accelerated Weathering Exposure Cycle - 24 hr UV @ 60°C2-Accelerated Weathering Exposure Cycle - 16 hr UV (9 60°C
8 hr Cond @ 50°C
3-MOB 57 Series
Panel Polyol Isocyanate
4+14 Multron R 221/2 ethyl-1,3-hexanediol Desmodur L 2291
5+15 Acryloid QR 568* Desmodur L 2291
6+16 Desmophen 651 A Desmodur L 2291
9+19 Thermoset Acrylic Control
*Rohm & Haas Product
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14, 15, 16 and 19). Using the standard UV/condensation cycle (16 hr UV/8 hr
condensation), the panels can be ranked in the following order of decreasing gloss
retention;
16> 19> 15> 14
Panel Ranking Using Standard QUV Cycle (Example 1)
Since panel 16 is coated with a polyester urethane (Desmophen 651A/Desmodur L-
2291), this ranking would indicate that polyester systems have better exterior
durability than acrylic (panel 19) or acrylic-urethane coatings (panel 15), which is
contrary to results from Florida weathering. When the same panels are exposed to
5°South, Black Box, Florida exposure, the systems are ranked as follows:
19> 15> 14> 16
Panel Ranking After Exposure in Florida (Example 2)
which is consistent with similar studies done in the industry which show acrylic-
urethane coatings as having better Florida weathering properties than polyester-
urethanes. However, when condensation is absent in the QUV exposure, the panel
rankings were:
19> 15> 16> 14
Panel Ranking Using UV Cycle Only (Example 3)
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On inspection, it is seen that the ranking in Example 3 is similar to the
ranking of panels exposed in Florida. It can be concluded, then, that the
condensation cycle has a disproportionate effect on acrylic systems. In addition, it
is evident that in order to get a better rank correlation across generic systems, it is
necessary to examine the magnitude of the effect of both the UV and condensation
cycles so that one specific stress will not be unduly weighted in the final results.
Grossman^ has suggested a method of statistical analysis as an approach to
analyzing accelerated weathering data. Statistical analysis of the data in Table 6
using the Spearman Rank Correlation method clearly shows that a positive
correlation exists between QUV accelerated weathering and Florida weathering.
The Spearman method can be used to compare test methods where non-parametric
7 9
data is obtained, such as the visual ranking of appearance of coated panels. ’ The
Spearman Rank correlation coefficient, p , was calculated as indicated in Table 6
and found to be 0.55. A risk value, y , of 10% (90% correlation) can be expected
when p has a value of 0.523 in a sample population of 11. Thus p > Y which
indicates a greater than 90% positive correlation exists between the ranking of
Florida exposure results and the results obtained in the QUV.
Effects of Metallic Pigment Particles
The concentration of Sparkle Silver 3166 AR aluminum pigment was varied in
the formulation of several coatings to determine the effect of pigment loading on
film durability. The results of these tests are outlined in Table 7. It is observed
that as the percent of aluminum pigment particles increases, gloss retention
decreases.
Presumably metallic particles protrude through the film surface providing
avenues for foreign matter to gain access to the polymer network. This conclusion
Table 6. Statistical Analysis of Florida vs Accelerated Weathering Data
Accelerated




Panel % Gloss Rank RD % Gloss Rank
9 66 1 2 4 78 3
5 60 2 -1 1 83 1
19 52 3 5 25 42 8
31 50 4 2 4 55 6
6 37 5.5 -3.5 12.25 79 2
18 37 5.5 1.5 12.25 52 7
4 35 7 2 4 32 9
13 30 8 -3 9 58 5
15 27 9 1 1 29 10
16 16 10 -6 36 68 4

















Pastel Acryloid QR 568 Desmodur L 2291
Metallic Thermoset Acrylic
Contr.
Metallic Acryloid ZR 113 Desrnodur L 2291
Pastel Desmophen 651 A Desmodur L 2291
Metallic Desmophen 651 A Desmodur Z 4167




Metallic Desmophen 651 A Desmodur L 2291
Metallic Acryloid QR 568 Desmodur L 2291
Metallic Desmophen 651 A Desmodur L 2291




psy-tisk; positive relation exists
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Table 7. Gloss Retention vs Pigment Particle Size
Aluminum Pigment^
20° Gloss Readings % Gloss
Initial 100 hr 200 hr 300 hr Retention
Standard-fine 86 82 70 49 57
Coarse-fine 74 74 59 46 62
Super-fine 64 62 42 10 15
1-Sparkle Silver Aluminum Pigment;
3122 AR - Standard Fine - 99% minimum through 325 mesh
3166 AR - Coarse Fine - 95% minimum through 325 mesh
7000 AR - Super Fine - 99.9 minimum through mesh
QUV Accelerated Weathering Exposure Cycle - 16 hr UV @ 60°C
8 hr Cond (d 50°C
Vehicle - G Cure 867/Desmodur L 2291 (Polyol/Isocyanate)
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was confirmed by examination of photographs of coatings taken by an electron
microscope.
If the rate of degradation is enhanced by particle protrusion at the surface,
encapsulation of those particles should retard polymer breakdown. Support for this
postulation can be seen in Fig. 1. Clear coatings have been applied to panels
coated with metallic urethane systems. Panels were then exposed to Florida
weathering conditions. Loss of gloss was monitored. It is seen that panels having a
clear overcoat maintain a higher gloss than panels where no overcoat was used.
A second approach for determining the influence of metallic particles on
exterior durability was to vary the size of the aluminum pigment particles as shown
in Table 8. It was found that the super-fine particles performed more poorly in
weathering exposure than coatings having standard or coarse-fine particles. Upon
examination of the photographs taken from an electron microscope, it can be seen
that a very large amount of the particles in the film (containing the super-fine
particles) was concentrated at the surface of the film. It is thought that the exit
of incident UV light is somewhat hindered by the aluminum flake, being reflected
from particle to particle and allowing for the absorption of more light to promote
degradation. In addition, at the same weight percent, the number of aluminum
particles increases as the size of the particles decreases. More particles can lead
to more irregularities in the coating surface, and consequently, faster degradation.
Influence of Molecular Weight on Film Durability
In earlier evaluations, the durability of urethane coatings subjected to the
environmental stresses of natural Florida weathering was studied. It was
determined that those coatings containing a low molecular weight polyol
experienced a more pronounced decrease in gloss retention over a given time period
than did those coatings with higher molecular weight polyols. Such deteriorating
18
Time in Days
Figure 1. Effect of Clear Coat over Metallic Base Coat
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Table 8. Gloss Retention vs Metal Pigment Loading
% 3166 AR^
20° Gloss Readings % Gloss
Initial 100 hr 200 hr 300 hr Retention
0 94 92 89 86 91
0.5 90 79 60 56 62
1.0 82 69 52 34 41
1.5 85 62 40 24 32
2.0 75 62 37 22 33
4.0 66 52 30 16 30
1-Sparkle Silver 3166 AR Aluminum Pigment
QUV Accelerated Weathering Exposure Cycle - 16 hr UV (d 60°C
8 hr Cond (d 50°C
Vehicle - G Cure 867/Desmodur L 2291 (Polyol/lsocyanate)
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effects were attributed to a more rapid reduction in molecular weight when
scission occurs in the structural network of polymers made from lower molecular
weight starting materials. The results recorded in Table 3 show the effect of the
molecular weight of the polyol on urethane film durability when exposed to Florida
weathering conditions and to the QUV accelerated weathering tester. Note that
the Acryloid ZR-113M/Desmodur 1-2291 coating (higher molecular weight) retained
a higher level of gloss than the QR 568 (lower molecular weight).
Effect of Acid and Base Addition
Addition of base may accelerate degradation by:
1. Catalyzing the retro-urethane reaction
R-N-C-O-R' R-N=C=0 + R'-O-H
base ^





Addition of acid may inhibit the urethane reaction such that incomplete
curing takes place.Hydrochloric acid (0.5 M) and ammonium hydroxide (0.5 M)
respectively were added to an acrylic-urethane coating. An unsatisfactory exterior
appearance was observed for both coatings. Nevertheless, Table 9 shows that the
acid addition yields a coating having extremely good gloss retention. This is in
contrast to the inferior gloss retention of the coating containing base. Still, one
cannot promote the use of acidic additives for improving the exterior durability of
urethane coatings without considering the effect such acids would have on
appearance and other properties.
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Table 9. Influence of Acid and Base on Urethane Film Durability
20° Gloss Readings % Gloss
Additive Initial 100 hr 200 hr 300 hr 400 hr Retention
Acid^ 64 63 62 59 50 78
Base^ 70 33 25 20 10 14
Control^ 74 74 59 46 12 161-Hydrochloric Acid - 0.5 M; 0.2% of total solids2-Ammonium Hydroxide - 0.5 M; 0.2% of total solids3-No additive
Vehicle - G Cure 867/Desmodur L 2291 (Polyol/Isocyanate)
QUV Accelerated Weathering Exposure Cycle - 16 hr UV (d 60°C
8 hr Cond @ 50°C
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Correlation of Metallic Systems to Non-Metallic Urethane Coatings
Coatings with and without the addition of aluminum pigment particles were
exposed to the QUV accelerated weatherometer. This test was done strictly to
determine whether metallic urethane systems degrade in the same manner as non-
metallic systems exposed to the same conditions. Table 10 shows that metallic
systems degrade in the same manner as non-metallic systsms but at a faster rate.
Influence of UV Additives on Film Durability
In the recent past, urethane coatings were considered inferior to acrylic
coatings, from an automotive viewpoint, in their ability to retain gloss and were,
therefore, considered inadequate for use as automotive topcoats. The addition of
UV absorbers, UV stabilizers, and antioxidants to urethane coating formulations
have effected considerable improvement in gloss retention after Florida exposure.
This improvement is of such a substantial nature that urethanes are now considered
equivalent to acrylic coatings for gloss retention. Combinations of the following
UV additives, obtained from Ciba-Geigy, were incorporated into coatings for
accelerated weathering exposure:
1. Tinuvin 328 (Structure 1)/^ an ultraviolet light absorber, acts as a light
screen capable of absorbing and then harmlessly dissipating absorbed energy
12
in the form of heat. This substituted benzotriazole is thought to function
in a manner similar to o-hydroxybenzophenone; that is, through exchange
from the hydroxyl group (donor) on the benzene ring to a nitrogen (acceptor)
8 13
in the triazole structure. ’ The effectiveness of Tinuvin 328 as a UV light
absorber can be seen in Fig. 2 where light transmission in the UV region is
near zero. This preferential absorption of high energy radiation by Tinuvin
328 reduces the amount of radiation available for absorption by a polymer
system, thereby inhibiting UV-induced polymeric degradation.
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Table 10. Correlation of Metallic to Non-Metallic Coating Systems
Florida Weathering^
(20 Gloss Readings) 4 (Non-Metallic) 14 (Metallic)
Initial 88
1 month 60 39
2 months 52 26
3 months 28 16
2
Accelerated Weathering
(20° Gloss Readings) 4 (Non-Metallic) 14 (Metallic)
Initial 84 61
64 hours 80 48
108 hours 49 25
-25 hours 38 101-Florida Weathering Exposure Cycle - 5° South, Black Box2-Accelerated Weathering Exposure Cycle - 16 hr UV @ 60°C
8 hr Cond @ 50°C







Tinuvin 770 (Structure 2)^^ is a polymer light stabilizer which contains
sterically hindered amine groups. Tinuvin 770 does not absorb light above 290
nm. It is thought to operate through dual antioxidant paths of peroxide






3. Irganox 1010 (Structure 3)^^ is a high molecular weight, symmetrical
molecule which contains sterically hindered phenolic hydroxyl groups.
Irganox 1010 functions as an antioxidant and thermal stabilizer for polymeric











The gloss retention of coatings exposed to QUV accelerated weathering is
recorded in Table 8. The purpose of this sequence of experiments was to
determine:
1. If UV stabilizers and antioxidants assist the coating in retaining significantly
more gloss upon exposure to UV, thermal, and oxidative streses, and
26
Wavelength (nanometers)
Fig;- 2. Spectral Transmission Curves of Two Competitive UV Absorbers versus
Tinuvin 32S.
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2. The relative efficiency of specific absorbers and antioxidants or combinations
of each to inhibit degradation of urethane coatings.
Data have been published which show that urethane coatings containing light
stabilizers have better gloss retention on Florida exposure than similar systems
containing no stabilizer.The results recorded in Table 11 confirm these
observations. It is interesting to note, however, that after 1100 hr of QUV
exposure, Tinuvin 770 is not as effective as Tinuvin 328 for preventing loss in gloss.
These findings are contrary to results obtained from Florida exposures. If
acrylic-urethane degradation (in Florida), is principally photo-oxidative in nature,
and if Tinuvin 770 works primarily as an antioxidant and energy quencher, it is not
unreasonable to assume that Tinuvin 770 could be more effective under Florida
exposure conditions than under the QUV conditions specified in Table 11. As may
be recalled, the performance of acrylic-urethane systems in the QUV accelerated
weathering tester was significantly improved when exposure to condensation was
limited (Table 3). That photo-oxidative degradation is quite important under
Florida weathering conditions is implied from QUV results after 400 hr exposure. It
is seen that no loss in gloss was observed in the coating containing Tinuvin 770
(panel D). Loss of gloss is noted from the panel coated with a system containing
Tinuvin 328 (panel C). Since Tinuvin 328 works principally as an efficient (but not
100% efficient) UV light absorber, it can retard UV-induced degradation. This
protection should be fairly constant with time if (1) there is no stabilizer migration
from the film, or (2) Tinuvin 328 does not itself degrade. Therefore, polymer
degradation, as measured by loss of gloss, should be a function of the efficiency of
protection afforded by Tinuvin 328. Since some radiant energy will always be
absorbed by the polymer, even in the presence of Tinuvin 328, degradation could be
expected to proceed at a steady, if perhaps slow rate. In the case of Tinuvin 770,
28
Table 11 ♦ Influence of UV Additives on Film Durability
Accelerated Weathering^ 2Additive (20'° Gloss Readings
(hours exposure) ACDEF G H
Initial 74 74 78 86 79 82 86 92
100 74 73 78 86 72 81 86 92
200 59 66 76 88 70 82 86 94
300 46 48 64 86 70 56 86 92
400 12 20 68 86 62 23 90 94
500 12 24 68 82 62 26 90 96
600 SWE* 20 60 74 60 22 88 94
700 18 56 68 53 18 85 90
800 SWE 52 56 46 SWE 82 90
900 46 50 SWE 78 86
1000 43 37 76 85
1100 41 33 75 83
% Gloss Retention 53 38 87 90
1-QUV Accelerated Weathering Exposure Cycle - 16 hr UV (9 60°C
8 hr Cond (9 50°C
2-Additives; A = No additive
B = Irganox 1010 (0.1% based on total solids
(BTS)
C = Tinuvin 328 (1.0% BTS)
D = Tinuvin 770 (1.0% BTS)
E = Tinuvin 328, Irganox 1010 (1.0% BTS,
0.1% BTS)
F = Tinuvin 770, Irganox 1010 (1.0% BTS,
0.1% BTS)
G = Tinuvin 770, Tinuvin 328 (1.0% BTS,
1.0% BTS)
H = Tinuvin 770, Tinuvin 328, Irganox 1010
(1.0%, 1.0%, 0.1% BTS)
*SWE - Stopped Weathering Exposure
Vehicle - G Cure 867/Desmodur L 2291 (Polyol/Isocyanate)
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however, protection may be lost once combination with alkyd and peroxy free
radicals has been accomplished. This may explain why excellent protection is
afforded initially, with rapid polymer degradation occurring after long-term
exposure.
The effectiveness of Irganox 1010 has not been demonstrated by results shown
in Table 11. However, the low concentration of Irganox 1010 (only 0.10% based on
solids compared to 1.0% for Tinuvin 328 or Tinuvin 770) may explain these results.
Additional work will be necessary to properly characterize this material.
Degradation mechanism
One of the primary objectives for evaluating formulation variables in
urethane coatings exposed to weathering stresses was to gain some insight into the
mechanism or mechanisms of urethane polymer degradation. In so doing, it was
thought that modifications in either polymer structure or formulation technology
would be suggested which would lead to improved coatings for automotive
application.
Based on the ovservations made, it is thought that the degradation of
aliphatic urethane coatings based on Desmodur L 2291 proceeds by a photo-induced
oxidative process. Polymer degradation may be accelerated by the presence of
13
heat, metal catalysts, or certain impurities.
Aliphatic urethanes are known to be sensitive to oxidative degradation in the
16
presence of UV radiation. It must be made clear at this point that autoxidation
and photo-oxidation are not interchangeable terms, but that photo-oxidation has
generally been assumed to follow a mechanism similar to autoxidation being
13
initiated by UV light rather than heat. In our laboratory, the urethane coating
examined was the product of the reaction of an hydroxyl functional acrylic (G Cure
867, General Mills) with an isocyanate functional material (Desmodur L 2291,
30
Mobay) to give the following idealized structure:






Fig. 3. Sites for Degradation.
The possible sites for degradation are labelled in Figure 3.
13
The secondary and tertiary hydrogens of the alkyd carbon atoms are




^ R-N-C-N-R'.^ + R"-NCO
Fig. 4. Thermal Decomposition of Biuret
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The photochemical reaction is brought about by the absorption of light which
promotes cleavage of the 0-0 bond and the rapid production of organic peroxide
and hydroperoxides as well as free radicals.
HO HO
I II I II
‘-^R-N-C-O'^—-N-C-O+ N2 + CO^ + H.Con







Fig. 6. Oxidative Degradation of Aliphatic Urethanes.
Stress on the C-N bond at the biuret linkage is produced by partial negative
dipole effects created by the electronegative oxygen and nitrogen atoms. The C-N
18
bond strength may be destabilized by the electrical effects of these electron-
withdrawing substituents. Note that the N-N bond energy is 69.5 kcal/mole which
13
is comparable to a wavelength of energy around 410 nm. It can be seen that
ample energy is available from UV light to effect bond cleavage.
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In addition to biuret degradation, cleavage may occur at the urethane C-N
bond due to this absorption of UV radiation. An n->Tr * excitation at the carbonyl
19
group increased the possibility of hydrogen abstraction from the nitrogen atom.
Since resonance donating effects are non-existent, the nitrogen atom produces an
electron-withdrawing effect promoting C-N bond cleavage.
Resulting products may be the loss of CO2 to give CH2-CH^ and the
formation of'-o R.
Conclusion
Urethane coatings were prepared by adding solvents, pigments, and additives
to a commercially available hydroxy-functional acrylic. This polyol was then cross-
linked with Desmodur L-2291, a biuret of hexamethylenediisocyanate. After the
exposure of various formulations to QUV accelerated weathering, it was found that:
1. The rate of degradation increases as the concentration of aluminum particles
increases.
2. The aluminum pigment particle size affects the rate of degradation in an
inverse manner.
3. As the molecular weight of the polyol component increases, the rate of
degradation decreases.
4. The addition of base adversely affects film integrity.
5. The addition of acid has a positive affect on film stability.
6. The addition of UV stabilizers, absorbers and/or anti-oxidants inhibits
polymer degradation.
Based on the polymer response to the above variations, a degradation
mechanism is proposed. It is felt that C-N bond cleavage occurs at both the biuret
linkage and the urethane linkage when urethane coatings based on Desmodur L-2291
type isocyanate are exposed to the natural stresses of weathering.
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